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Of  the  infrared  transmission  windows  existing  in  the  sea-level  atmosphere 
which  are  of  interest  for  Navy  and  DoD  applications,  only  the  3«5  -  ^.0 n  band 
lacks  a  corresponding  efficient  electric-discharge  laser  source.  The  research 
program  described  herein  attempts  to  determine  if  the  gaseous  hydrogen  chloride 
medium,  under  suitable  electronic  excitation  conditions,  can  provide  stimulated 
emission  in  this  wavelength  region.  The  reported  study  seeks  to  determine  the 
feasibility  of  such  an  HCl  laser  source  by  means  of  combined  theoretical  and 
experimental  investigation.  The  results  of  the  theoretical  stud*  have  been  pre¬ 
viously  reported. 


Briefly,  on  the  basis  of  theoretical  interpretation  of  available  electron- 
HC1  collision  data,  a  comprehensive  numerical  analysis  of  electron-HCl  excitation 
processes  has  been  conducted.  These  studies  have  resulted  !n  the  determination  of 
a  self-consistent  set  of  electron-HCl  cross  sections  for  elastic,  rotational, 
vii  rational,  and  electronic  processes.  The  cross  sections  for  vibrational  excita¬ 
tion  are  found  to  be  particularly  large,  over  a  relatively  broad  range  of  discharge 
conditions,  a  condition  compatible  with  very  efficient  ( ^  50$)  electron  excita¬ 
tion  of  the  vibrational  energy  mode  of  HCl.  The  theoretical  analysis  also  indi¬ 
cates  a  substantial  electron  dissociative  attachment  rate  in  the  electronegative 
gaseous  HCl  medium.  Substantial  electron  number  densities  may  be  required  fo. 
significant  vibrational  excitation,  requiring  high  electron  beam  current  densities. 

During  the  present  reporting  period  an  indirectly  heated  cathode  election 
gun,  capable  of  delivering  a  2A/cn^  beam  for-  10  microseconds,  has  been  developed 
for  the  experimental  program.  Initial  electrical  tests  on  this  gun  and  the  associ¬ 
ated  pulsing  network  were  conducted.  The  output  from  this  electron  gun  stresses 
the  foil  window  to  near  its  structural  limit,  and  considerable  effort  was  necessi- 
tated  to  achieve  the  desired  high  current  operating  conditions.  As  a  consequence, 
no  discharge  tests  with  hydrogen  chloride  were  conducted  during  this  reporting 
period. 


- 


Thus  far,  on  the  basis  of  theoretical  results,  the  prospects  for  a  pulsed 
electric  discharge  hydrogen  chloride  laser  appear  encouraging .  However  these 
results  only  indicate  the  existence  of  large  electron  pumping  rates.  The  possi¬ 
bility  of  obtaining  population  inversions  in  the  presence  of  many  competing  reac¬ 
tions  can  only  be  determined  experimentally,  as  in  the  type  of  experiment  which 
is  still  in  progress. 
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13  ABSTRACT 


The  feasibility  of  producing  stimulated  in  the  3-5  wavelength  band  by 
exciting  hydrogen  chloride  vibrational  levels  by  electron  impact  is  being 
investigated  theoretically  and  experimentally.  Theoretical  Interpretation 
of  available  transport  data  predicts  large  vibrational  excitation  rates. 

A  high  current  density  electron  gun  capable  of  sustaining  a  high  electron 
density  discharge  has  been  developed  and  is  described.  The  pulsed  hydrogen 
chloride  laser  experiments  in  progress  are  also  described. 
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II.  INTRODUCTION 


Requirement  for  HCl  Electric  Discharge  Laser 


Several  important  applications  for  high-power,  infrared,  coherent  radiation 
have  been  identified  by  the  Navy  and  DoD.  These  applications  require  either  con 
tinuous  or  repetively-pulsed  laser  emission  at  wavelengths  which  can  be  transmitted 
through  the  atmosphere  with  minimum  absorption,  scattering  losses.  The  3  to 


. 


atmospheric  window  has  received  considerable  attention  recently.  However,  the 


only  known  efficient  laser  sources  in  this  window  are  chemical  lasers  operating 
on  the  vibrational- rotational  transitions  of  DF  and  HCl  ane  the  chemical  and 
electrical  CO  laser.  Some  of  the  most  Important  Navy  and  DoD  applications  for 
the  laser  would  benefit  substantially  from  utilization  of  electric-discharge 
excitation  for  the  laser  medium.  Reliance  upon  alternative  chemical  excitation 
generally  necessitates  storage  of  hazardous  and  reactive  chemicals  which  could 
present  unnecessarily  aggravated  damage  conditions  in  a  combat  situation.  Further 
the  chemical  reagents  required  for  the  laser  world  require  iieriodic  resupply 
thereby  possibly  creating  serious  ligistic  problems  for  the  operating  Fleet 
The  fully  developed  HCl  or  DF  electrically-pumped  laser  could  be  envisioned  to 
operate  in  a  closed  cycle,  thereby  obviating  the  storage  and  supply  problems.  In 
this  mode  of  operation,  an  initial  charge  of  laser  gases  would  be  pumped  continu¬ 
ously  through  a  closed  loop,  provided  with  the  necessary  discharge  and  cooling 
sections.  Such  closed-cycle  operation  has  been  demonstrated  successfully  in  othe- 
laser  media  such  as  CO^/Ng  and  CO .  The  CO  electric  discharge  laser',  although 
very  efficient  overall,  has  not  yet  been  shown  to  operate  efficiently  on  vibra¬ 
tional  transitions  which  yield  wavelengths  lying  solely  within  the  3  -  5fi  band. 
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Present  Contract  Research 


Since  mid-April  19^2  the  United  Aircraft  Research  Laboratories  (UARL)  have 
be=n  engaged  in  a  research  program  sponsored  by  ONR/ARPA,  under  Navy  Contract 
N00014-72-C-0450  (Ref.  l)  to  explore  the  possibility  of  generating  stimulated 
emission  pulses  from  the  vibrational -rot at ional  transitions  of  hydrogen  chloride- 
excited  by  controlled  electric  discharge.  Theoretical  studies  conducted  prior  to 


the  Contract  award  had  Indicated  the  possibility  of  laser  action  in  hydrogen 


chloride  pumped  by  electron  impact;  however,  these  calculations  also  indicated 
that  careful  control  of  experimental  parameters  would  be  necessary  for  a  succe 
ful  demonstration.  For  these  reasons,  an  experimental  investigation  of  HCl 


excited  by  a  pulsed  discharge,  sustained  by  a  pulsed  electron  bear,  has  been 
pursueu  in  the  subject  research  rrosram. 
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^ince  the  previous  technical  report  under  this  contract  no  additional  experi 
mental  data  pertaining  to  electron  transport  in  HC1  has  been  reported.  The 
electron  transmission  experiments  undertaken  with  Professor  George  Schulz’s  lab¬ 
oratory  at  vale  University  have  been  renewed.  The  slope  of  the  vibrational  exci¬ 
tation  cross-section  near  threshold  is  being  measured,  and  although  the  magnitude 
of  the  peak  of  the  vibrational  excitation  cross-section  has  not  been  measured, 
indications  are  that  it  is  quite  large  (Ref.  3),  in  agreement  with  Ref.  1. 

Observation  of  Vibrational  Excitation  in  HC1  at  Avco  Everett  Research  Laboratories 

in  preliminary  experiments  undertaken  by  R.  E.  Center,  et  ai.,  at  AVCO 
verett  Research  Laboratories  (AERL)  spontaneous  emission  from  an  HC1  e-beam  sus¬ 
tained  discharge  (Ref.  4)  has  Deen  observed.  To  date  stimulated  emission  has  not 
been  seen.  By  adding  carbon  monoxide  to  the  mixture  and  monitoring  relative  spon 
taneous  emission  signals,  AERL  estimated  that  the  vibrational  excitation  cross- 
section  for  HC1  is  comparable  to  CO.  Thus,  efficient  vibrational  excitation  in 
HCj.  can  be  anticipated.  Efficient  vibrational  exc'tation  in  UC1  was  predicted 
pre.iv^'ly  in  the  UARL  th.-orei/  *tudy  (Ref.  1). 


Electric  Discharge  Laser  Demonstration  in  HF  and  DF  at  Mathematical  Science: 

Eorthwp^t " 


btimulated  emission  from  low-lying vibrationaltransitions  of  HF  and  DF  have 
been  observed  by  S.  R.  Byron,  et  al.,  at  Mathematical  Scfences  Northwest  (MSNW) 
in  preliminary,  low  energy  output  (~  milli Joule)  experiments  (Ref.  5).  These 
results  were  obtained  with  an  experimental  configuration  consisting  of  five  elec¬ 
tron  guns  (Jb  5C  mA/crrr)  firing  transversely  into  a  sustainer  electric  field. 

The  active  optical  path  length  provided  was  50  cm.  Laser  Emission  on  the  vibra¬ 
tional  transitions  v=^-»2.  2  ’  .  .  -  . 
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Experimental  Design 


It  was  estimated  in  Ref.  1,  that  in  order  to  promote  a  reasonable  numbe; 
HC1  molecules  into  the  upper  vibrational  levels,  it  is  required  that 


No  AT 
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where  ATIb  the  pulse  duration, a  is  the  fraction  of  HC1  molecules  promoted  to 
vibrational  states,  and  i^/N  is  the  vibrational  excitation  rate  (see  F 
Ref.  ..)•  Assuming  reasonable  values  for  these  quantities,  it  is  required  thai 


NeAT  x  2  x  10^3  cnf-^sec 
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(multiple  P-branch  lines  on  certain  transitions  in  DF).  Laser  Action  in  HF  has  been 
seen  both  with  and  without  Hg  present  as  an  additive  at  approximately  ten  times 
the  HF  partial  pressure.  Argon  and  nitrogen  buffers  at  100  times  the  HF  concen¬ 
tration  have  been  effective.  The  total  mixture  static  pressure  was  190  torr  and 
the  discharge  was  at  room  temperature.  Laser  action  in  DF  has  been  observed  with 
Ar/DF  mixtures  at  99:1  molar  ratios  thus  far.  MSNW  noted  that  the  addition  of 
hydrogen  to  the  HF  discharge  produced  better  results.  Whether  this  improvement 
is  a  result  of  additional  vibrational  energy  transfer  from  1£,  or  a  shift  in  the 
chemical  equilibrium  of  the  mixture  resulting  in  lower  HF  decomposition,  is  not 
known.  A  marked  sensitivity  of  the  output  to  the  mixture  electric  field  to  neutral 
number  density  ratio  was  observed  in  accordance  with  previous  UARL  theoretical 
predictions,  (Ref.  1). 


The  experiments  at  AERL  and  MSNW  both  serve  to  confirm  somewhat  the  be  ha  vie 
predicted  by  the  UARL  theoretical  model  reported  previously  (Ref.  6).  The  AERL 
experiment  demonstrates  that  a  substantial  vibrational  excitation  rate  can  be 
obtained  in  an  e-beam  ionized,  HC1  electric  discharge.  The  electron  vibrat  one) 
excitation  cross  section  that  they  would  derive  from  their  data  is  approximately 
two  to  five  times  smaller  than  that  predicted  from  early  electron  drift  data 
(Ref.  1).  The  experiments  at  MSNW,  although  performed  with  HF  (and  DF),  more  or 


; ' 


less  confirm  the  UARL  model  prediction^.  Reference  6  suggested  the  addition  cf 


Dg  to  the  discharge  to  utilize  vibrational  energy  transfer  from  electron  pumped 
deuterium  vibrational  states.  The  MSNW  experiments  demonstrated  high  gain  on 


low-lying-  vibrational  transition  wit!,  low  partial  pressures  of  active  species  as 


predicted.  Furthermore  these  preliminary  experiments  illustrate  the  necessity 
lor  careful  E/N  control  to  operate  In  a  regime  of  high  vibration  excitation  with 
minimal  rotational  and  electronic  excitational  losses.  Lastly  the  requirement  1 
large  electron  densities  in  these  pu..sed  dieciiarge  lasers  is  confirmed.  In 
summary ,  these  other  preliminary  experiments  illustrate  that  hydrogen  chloride 


can  be  excited  effectively  in  a  pulsed,  externally  ionized  discharge,  and  should 


rapable  of  lasing,  given  the  proper  conditions 


Now  an  estimate  can  be  made  of  the  electron  beam  current  density  level  re- 
qu-'.red  to  sustain  this  plasma  density  against  recombination  (at  the  pressures  of 
interest  diffusion  is  negligible).  If  iiCl  is  the  dominant  positive  ion  in  the 
Ar/HCl  discharge,  then  dissociative  attachment  in  HC1  will  be  the  primary  recom¬ 
bination  mechanism.  The  dissociative  attachment  rate  has  been  estimated  from  the 
measured  cross-section  using  the  solution  foi  the  electron  distribution  from  Ref.  1 
The  approximate  value  is  z  x  10“ cm3  sec"'*’.  The  electron  production  rate,  S,  can. 
be  estimated  (Ref.  7)  from  an  average  electron  energy  of  lOOkV,  to  be 


sec'Horr- 


where  pA  is  the  argon  reduced  partial  pressure,  and  is  the  post- foil  electron 
beam  current  density.  The  steady  state  electron  number  density  is  found  by  equa¬ 
ting  the  production  to  the  loss  rate  and  is  given  by 


In  the  present  experiments  the  gas  mixture  is  envisioned  to  be  a  low  partial  pressure 
of  hydrogen  chloride  (~0.5  torr)  in  an  excess  of  argon  (—50  torr)  to  provide 
stopping  power  for  the  electron  beam.  Then  a  requirement  for  the  electron  beam 
gun  current  density  can  be  derived  by  combining  Eqs.  (2)  and  (4): 


The  upper  limit  for  the  pulse  duration  is  given  by  the  vibrational-translational 
relaxation  timp.  This  has  not  been  measured  at  the  cryogenic  temperature  desirable 
for  development  of  partial  population  inversions.  A  reasonable  approx i::.at ion  is 
100  Msec.  The  range  of  pulse  duration  chosen  for  these  preliminary  experiments 
is  5-20  Msec. 


The  relatively  high  current  discharge  required  for  this  application  is 
confirmed  by  the  experiments  at  MSNW.  They  estimated  their  electron  number  den 
sity  to  be  3  x  10^3cm-3  with  a  pulse  duration  of  3°  /'sec.  The  higher  electron 
densities  for  a  given  electron  neam  current  is  thought  to  be  a  result  of  a  lowe. 
electron  attachment  rate  in  HF.  Of  course  the  relationship  presented  above  aie 
only  valid  to  an  order  of  magnitude,  and  experimental  measurements  of  the  actua 
discharge  character i sties  are  necessary. 


The  ionizer  for  the  present  small  scale  HCl  discharge  laser  experiment  Is 
a  modified  version  of  operational  UARL  cw  diode  e-guns.  An  end-view  of  one  of 
the  guns  is  shown  in  Fig.  1.  The  modification  consisted  of  substituting  a  dis¬ 
penser  cathode  for  the  coated  cathode  normally  employed.  This  substitution 
lowered  the  average  work  function  of  the  2.5  cm  diamete"  emitter  from  approximate!; 
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During  this  reporting  period,  several  problems  had  to  be  overcome  in  achiev- 
ing  stable  actuation  of  the  dispenser  cathodes.  However,  solutions  to  the 
problems  were  found  and  the  gun  now  operates  with  emission  current  densities  that 
easily  exceed  lOA/'cnr. 


The  goal  for  post  foil  e-beam  current  density  in  the  present  discharge 
experiments  has  beer  2  A /cm?.  This  performance  has  been  achieved  without  foil 
xailuie  on  a  nonrepetitive  basis.  However,  it  has  been  observed  frequently  that 
as  the  prefoil  current  density  is  increased  the  ratio  of  post-foil  to  prefoil 
current  density  decreases.  The  expected  ratio  is  about  one-third,  when  the  com¬ 
bined  eiiects  of  foil  and  foil  holder  losses  and  collector  efficiciency  are  con¬ 
sidered.  The  measured  electron  current  transmission  ratio  is  about  one-fourth 
at  low  e-beam  current  levels  and  drops  to  about  one-tenth  at  the  highest  levels 
One  example  of  the  performance  under  the  latter  condition  is  shown  inf  Fig.  2. 

In  this  case  the  upper  curve  represents  the  current  density  incident  on  the 
foil.  The  amplitude  at  the  leading  edge  of  the  incident  pulse  is  70  A,  or  lhA/cr 
and  the  pulse  duration  is  16  microseconds.  However,  the  amplitude  of  the  result¬ 
ing  post-foil  e-beam  pulse  (lower  cur\e)  is  only  7.^  A  or  i.5  A/cm2  with  a  puise 
duration  of  5  microseconds.  The  foil  did  not  fail  when  subjected  to  the  pulse 
shown  in  Fig.  2.  In  fact  the  foil  and  e-gun  were  subsequently  used  at  a  current 
level  one-fourth  that  shown  in  Fig.  2  for  7200  pulses  at  1-ppr  .  However,  a  them 
analysis  of  the  Fig.  2  pulse  suggests  that  the  foil  did  approach  the  melting  poii 
at  the  end  of  the  pulse.  This  failure  via  melting  appears  to  oe  attributable  to 
the  characteristics  of  the  power  supply  as  described  below. 


e  purse,  ^nown  in  j*..g.  4  axe  the  power  densities  incident  on  and  adsorbed  by  the 
foil  during  the  pulse  (Figs.  2  and  3).  Evident  in  Fig.  k  is  the  point  in  time 
(six  microseconds)  at  which  the  decreasing  e-oeam  range  in  aluminum  oecomes  equ : va- 
rent  to  the  thickness  of  the  foil,  thereafter  cutting  off  transmission.  The 
integral  of  the  electron  energy  absorption  curve,  divided  by  the  product  of  the 
enthalpy  of  aluminum  and  the  foil  thickness,  yields  the  final  temperature  of  the 
foil.  For  this  example,  the  foil  approached  or  exceeded  its  melting  point  (660°c). 
Th:s  result,  although  apparently  pessimistic  since  the  foil  did  not  fail,  is, 
nevertheless,  consistent  with  the  general  appearance  of  foils  that  l.ave  seen  sub¬ 
jected  to  such  high  incident  power  levels.  In  each  case  in  which  the  500  one, 
generator  has  teen  used,  the  foils  appeared  bubbled  or  blistered.  In  some  cases, 
the  foils  apparently  had  melted  and  subsequently  refrozen  on  a  time  scale  that 


M9U3^0-b 


was  too  short  to  result  In  failure.  (The  pressure  differential  across 
is  50  torr). 


The  feasibility  of  achieving  acceptably  high  post-foil  e-beam  cun 
pulse  width  products,  assuming  the  use  of  a  low  output  impedance,  square 
generator,  can  be  determined  based  on  the  above  results.  For  example,  : 
assumed  that  the  applied  gun  voltage  is  160  KV,  the  foil  is  0.8  mil.  all 


the  pulse  rise  and  fall  times  are  each  less  than  one  microsecond,  and  tha' 


final  foil  temperature  is  limited  to  one-half  the  melting  point  (33°c),  it  is 
easily  shown  that  20  microcoulombs/cn£  can  be  delivered  post-foil  with  the  modi 
fied  UARL  e-gun.  This  level  is  equivalent  to  2  A/crr£  for  10  microseconds, 
which  is  the  design  goal  for  this  present  application. 
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Future  Experiments 


From  the  previous  discussion,  it  is  evident  that  the  present  UARL  hot 
cathode  electron  gun  is  capable  of  attaining  the  current  density  -  pulse  duration 
product  necessary  for  reasonable  vibrational  state  excitation  in  HCl  medium. 
Discharge  tests  are  required  to  verify  the  levels  of  ionization  attainable.  Two 
additional  solenoid  magnets  are  being  added  to  the  discharge  tube  as  can  be  seen 
from  Figure  5.  These  new  magnets  are  shown  surrounding  the  electron  gun  and  the 
foil  holder  region.  These  additional  solenoids  will  continue  the  magnetic  field 
through  the  foil  to  the  cathode  to  avoid  adverse  scattering  at  the  foil.  This 


procedure  has  been  found  necessary  in  other  cw  electron  beam  sustained  laser 


devices  in  operation  at  UARL  (Ref.  3). 


Also  shown  in  Figure  5  is  a  laser  oscillator  conf iguration  utilizing  internal 
mirrors  to  provide  a  long  (approximately  56  cm  of  active  path  volume)  optical 
path.  Resonator  stability  is  provided  by  linking  the  paired  mirror  structures 
with  low  thermal  expansion  rods. 


A  high  voltage  pulse  generator  (Marx  bank  with  "rowbar)  is  being  assembled 
in  order  to  provide  the  desired  square  voltage  pulses  to  the  electron  gun.  This 
unit  should  provide  for  operation  at  higher  ionization  levels.  In  the  interim, 
discharge  tests  are  continuing  with  the  present  power  supply.  The  laser  configura¬ 
tion  modifications  are  scheduled  for  completion  prior  to  delivery  of  the  puiser, 
so  that  preliminary  sidelight  emission  and  :aser  tests  will  proceed  before  the 
new  aquare  wave,  high  voltage  puiser  is  installed. 
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